The sym 5 mutants of pea, Pisum sativum L. cv modulation. When Ag+ is added to the substrate from 4 days before to 4 days after inoculation with rhizobia, nodulation of sym 5 mutants is increased. The roots of the mutant need only be exposed to Ag+ for 4 hours to significantly increase nodule numbers. The content of free 1-aminocyclopropane-1-carboxylic acid and the production of ethylene in the lateral roots of sym 5 mutants do not differ from Sparkle.
Ethylene is a potent regulator of plant growth, acting at concentrations as low as 0.01 ,uL/L (17) . Plant developmental mutants altered in their response to ethylene have been reported (16) . Some mutants overproduce ethylene and show the classic triple response syndrome (7, 18) , whereas other mutants appear insensitive to exogenous ethylene (2, 10) .
It is possible that rhizobial infection induces ethylene production in roots, because some strains of Rhizobium leguminosarum can induce thick short roots on the host plant Vicia sativa L. (19) . The thick roots and decreased modulation on vetch can be mimicked by exogenous ethylene, and the tsr response to the rhizobia can be overcome by adding AVG,3 an inhibitor of ethylene biosynthesis (22) .
Nodulation of excised bean (Phaseolus vulgaris L.) roots in Petri dishes decreased to 10% ofcontrol levels after treatment with ethylene at 0.4 gL/L in the dark; higher concentrations prevented modulation (9) . Addition of ethylene (10 uL/L) to 4-week-old pea (Pisum sativum L.) and clover (Trifolium repens L.), grown in a soil-sand mixture and inoculated at planting, decreased modulation to 30 and 56% and nitrogen fixation to 3 and 28%, respectively, ofcontrol levels (8) . Also, ' This research was supported by a National Agricultural Biotechnology Council/Joyce Foundation Fellowship to J.C.F. and by National Science Foundation grant DCB-8616221 to T.A.L.
2 All views expressed in this paper are those of the authors and do not necessarily reflect the views of the Joyce Foundation or the National Agricultural Biotechnology Council. 'y-radiation (R88) (1 1). The sym 2 gene confers strain specificity and was initially identified in a primitive pea from Afghanistan, which only modulates with some strains of rhizobia. The isogenic sym 2 line was derived after selection for strain-specific modulation using Sparkle as the recurring parent (21) . E54 (sym 18), a strain-specific mutant line, was produced with ethyl methanesulfonate. Two nonallelic, nonnodulating mutants, R25 (sym 8) and R72 (sym 9), were obtained by y-radiation (12 
Nodulation Studies
Pots were inoculated at 5 dap with 5 mL of a 1:100 dilution of Rhizobium leguminosarum bv. viceae strain 128C53 (Nitragin Co., Milwaukee, WI) grown in yeast-mannitol broth (20) . Some roots were treated at 7 dap by adding 20 mL of either Ag2SO4, AVG, or Co(NO3)2 to the substrate. Nodules were counted at 28 dap.
For temperature studies, the sterilized seeds were planted in sterile 250-mL jars containing coarse vermiculite and 150 mL of nutrient solution and covered with sterile paraffincoated sand (20 (14) . Initially, 1 g of frozen root was ground in 2 mL of 5% (w/v) 5-sulfosalicylic acid (pH 1.8) with a mortar and pestle for 1 min and the extract centrifuged at 30,000g for 30 min at 4°C. Then, 0.2 mL of supernatant and 0.1 mL of 50 mM HgC12 were added to 0.6 mL of 5% (w/v) 5-sulfosalicylic acid in 5-mL reaction vials (Pierce, Rockford, IL). The vials were then sealed with Teflon/silicone discs (Pierce), and 0.1 mL of 2.6% (w/v) NaOCl in 5 N NaOH was injected. The vials were vortexed for 5 s and incubated on ice for 15 min. Then, 1 mL Table II. of gaseous sample was removed and ethylene analyzed by flame ionization detection after separation on a Porapak column.
To measure ethylene production and the activity of the EFE, lateral roots were removed from inoculated or noninoculated plants grown 10 dap in conical pots. In some samples, 10 ,M AVG or 10 AM Ag+ had been applied to the substrate at 9 dap. To measure ethylene production, the lateral roots were placed within l-mL reaction vials (Pierce) containing 0.1 mL of sterile water. The vials were sealed with Teflon/ silicone discs (Pierce) and kept in the dark for 15 min at 25°C. Then, 1 mL of gaseous sample was removed and ethylene analyzed. To measure EFE activity, the lateral roots were placed within 5-mL reaction vials (Pierce), containing 0.5 mL of 20 mm ACC. The vials were sealed with Teflon/silicone discs (Pierce) and kept in the dark for 4 h at 25°C. Then, 0.25 mL of gaseous sample was removed and ethylene analyzed.
All experiments were repeated and representative results are presented.
Toxicity Studies
To determine the toxicity of Ag+ to rhizobia, 25 mL of autoclaved yeast mannitol agar (20) was added to sterile Petri dishes containing different amounts of Ag2SO4. After the agar cooled, rhizobia were streaked onto the plates and grown for 6 d in the dark at 25°C.
RESULTS

Growth Habit
The shoot and root dimensions of Sparkle and the sym 5 mutant E2 did not differ after growth in the light for 10 or 21 dap or in the dark for 10 dap (Table I) . If grown to maturity in horticultural soil containing nitrate, the sym 5 mutants and Sparkle do not differ in size, time of flowering, senescence, or seed yield.
Effect of Inhibitors of Ethylene on Nodulation
When added to the substrate, 1 or 10 ,M AVG, an inhibitor of ACC synthase, or 100 ,M Co2+, an inhibitor of the EFE, increased modulation of the sym 5 mutant E2 at 20°C but did not affect modulation of Sparkle (Table II) . In similar experiments, addition of Cu21, Nij2, or the plant growth regulators NAA, IAA, (2-p-chlorophenoxy)-2-methyl propionic acid (PCIB), 2,3,5-triiodobenzoic acid (TIBA), kinetin, abscisic acid (ABA), AMO 1618, trigonelline, and putrescine did not increase the number of nodules on E2 (data not shown). (Table III) .
Treatment with 10 ,uM Ag+, from 4 d before to 4 d after inoculation, increased nodule number on mutant E2 (Table  IV) . Nodulation of temperature-sensitive E2 also increased when 10 Mm AVG or 10 Mm Ag+ was added to the substrate maintained at 12°C but did not change the nodule number on Sparkle (Table V) . Imbibition of seeds with 1 to 100 uM Ag+ or topical treatment of leaves with 10 nm to 10 uM Ag+ had no effect on the modulation of Sparkle and did not increase modulation ofthe sym 5 mutant E2 (data not shown).
Time of Root Exposure to Ag+
To estimate how long roots must be exposed to Ag+, at 7 dap Sparkle and E2 seedlings were dipped into nutrient solution containing 10 MM Ag+ or into nutrient solution only for 1 to 48 h before replanting into vermiculite. Only 4 h of root exposure to Ag+ suffices to increase modulation on E2 (Table  VI) . E2 plants that were not exposed to Ag+ formed few nodules (not shown). After these exposures to Ag+, modulation on Sparkle did not change (not shown).
Free ACC Content and Ethylene Production in Roots
The free ACC concentrations in roots of Sparkle or sym 5 mutant E2 are the same, whether the plants were inoculated or not or whether grown in light or in dark (Table VII) . (2) and ein (10) , which have slightly larger rosettes with delayed bolting and senescence, and three mutants with elevated ethylene content, the eto mutant of Arabidopsis (10), the Epi mutant of tomato (Lycopersicon esculentum Mill.) (7) , and the Ik mutant ofpea (18) , all ofwhich have a compact growth habit.
Unlike the 1k mutant of pea, which appears different from the normal Lk plant and produces two to three times more ethylene per fresh or dry weight basis, the sym 5 mutant has the normal dimensions of its parent Sparkle. Addition of AVG resulted in a small but significant increase in length in 1k but not normal Lk plants (18) . However, AVG had no obvious affect on the growth habit ofeither the sym 5 mutants or Sparkle. In addition, the low modulation of the sym 5 mutants is not due to a tsr-like phenotype induced by rhizobia (19) , because the sym 5 mutant roots look normal in the absence or presence of rhizobia.
At root temperatures of 12 or 20°C, ethylene inhibitors increased modulation on E2 but did not change nodule number on the normal parent Sparkle (Tables II, III , and V). (Table VIII) .
Using inhibitors of ethylene formation or action, we have restored modulation to a low-nodulation pea mutant. We find no evidence that the lateral roots of the mutant overproduce ethylene. Therefore, in the sym 5 plants an early step in nodule development may be more sensitive to normal levels of ethylene.
